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Abstract
The features of combustion initiation in H2/air and CH4(C2H2)/air mixtures under laser-induced
excitation of the asymmetric mode of ozone molecules added in a small amount to the mixture are
analyzed. It was shown that such an approach to supply radiation energy to the combustible mixtures
reduces the induction time and decreases the ignition temperature at a small energy of laser radiation
delivered to the mixture. These effects are explained mostly by two factors – the intensification of
chain reactions due to acceleration of O-atom formation during dissociation of vibrationally excited
O3 molecules and the heating of the mixture due to a faster decomposition of O3 molecules. The
considered method of ignition/combustion control is much more effective (by a factor of 10–100) than
the method based on heating the gas by resonance laser radiation in the case where the characteristic
time of highly reactive radical and atom formation does not exceed significantly the relaxation time
of the asymmetric mode of the O3 molecule.
Keywords: vibration excitation, combustion enhancement, chain reactions.
1. Introduction
Chemical reactions are at the basis of a number of technological processes, including combustion.
Finding ways to intensify chemical processes is an important goal of chemical physics and combustion
science. An effective method for accelerating chemical reactions is excitation of vibrational or electronic
degrees of freedom of reactive molecules. Experimental data show that molecules excited even to the
lowest vibrational or electronic states react 10–100 times faster than unexcited ones [1–4]. The burning of
the most combustible mixtures occurs through the mechanism of chain-branching reactions. Therefore,
in order to enhance the combustion, one needs to excite those molecules that can produce in the course
of chemical reactions the highly reactive atoms and radicals. One efficient approach to exciting the
vibrational or electronic states of target molecules is exposure of the mixture to resonance laser radiation.
It is worth noting that the use of laser radiation for affecting combustion has been widely discussed
during the past decades [5–9]. Until now, only three methods of laser-assisted combustion initiation, such
as laser-induced thermal ignition, laser-induced photochemical ignition, and laser-induced spark ignition,
have been realized in experiments. All the methods have a number of limitations and their efficiency
is rather small. There is a principal difference between the existing means of laser-induced initiation of
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combustion and that considered in this paper. In the latter approach, highly reactive radicals and atoms
participating in the chain process originate in the course of chemical reactions involving vibrationally or
electronically excited molecules.
Recent studies have demonstrated that laser-induced excitation of oxygen molecules to the a1∆g
and b1
∑+
g electronic states leads to reduction of the ignition threshold and to a significant decrease in
induction and combustion zone lengths in a supersonic flow of H2/O2 and CH4/O2 mixtures behind an
inclined shock wave [10, 11]. The excitation of O2 molecules to the singlet electronic states a1∆g and
b1
∑+
g may be attained by using laser radiation of near infrared (IR), at wavelength λI = 1.268 µm,
or visible, at 762 nm wavelength, ranges. At present, the radiation sources at these wavelengths are
still expensive and cannot provide the required power. Therefore, it would be useful to find a way of
combustion control by means of laser-induced excitation of reacting molecules at wavelengths that are
typical for the radiation of the widely used IR CO2 and CO lasers. It is known that H2O and O3 molecules
strongly absorb CO2 laser radiation at vibrational–rotational transitions. The present work is focused
on the analysis of the possibility of combustion control by laser-induced excitation of vibrations of O3
molecules admixed in a small amount to H2/air or CnHm/air combustible mixtures.
2. Methodology and Kinetic Model
The ozone molecule is nonlinear and has normal vibrations of three types — symmetric, bending, and
asymmetric modes. The frequencies of these vibration types are ν1 = 1103.15 cm−1, λ2 = 700.95 cm−1,
and λ3 = 1042 cm−1. The rotational structure of the O3 molecule is represented by asymmetric top
quantum levels. The system of rotational levels of the asymmetric top is characterized by three quantum
numbers — J , Ka, and Kc. The first number defines the total angular momentum of the asymmetric top,
and the two latter ones (Ka andKc) determine the projections of the total angular momentum onto oblate
and prolate symmetric top axes. Ozone molecules absorb the radiation of a conventional CO2 laser in the
wavelength range λI = 9.6 − 9.8 µm [12, 13]. A minor shift between the CO2-laser-generated radiation
with λI = 9.713998 µm, which corresponds to the P38 (00◦1−02◦0) line, and the wavelength at the center
line of the absorbing transition in the ozone molecule appears for the vibrational–rotational transition
000(121,11) → 001(111,10) (the wavelength at the center of the spectral line λmn is 9.714085 µm). The
Einstein coefficient for this transition is as large as 10.65 s−1.
The absorption of CO2 laser photons at λI ≈ 9.7 µm by O3 molecule leads to excitation of the ν3
mode. The rate of induced transition resulting in excitation of the 001 state of the O3 molecule WI is




















where I is the laser-radiation intensity, νI is the laser-radiation frequency, h is Planck’s constant, λmn
and νmn are the wavelength and frequency at the center of the spectral line due to absorbing transition
m → n, Amn is the Einstein coefficient for this transition, bD and bc are the Doppler and collisional
widths of the line at its half height, and H(x˜, a) is the Voight function.
The subject of our modeling is the laser-induced ignition of quiescent stoihiometric H2/air/O3 and
CH4(C2H2)/air/O3 mixtures. Consider the case where τI > τt, τr, τV V , with τt and τr being the char-
acteristic times of the translational and rotational relaxation, τV V the characteristic time of intramode
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vibrational–vibrational (VV) exchange, and τI = W−1I the time of induced transition. Under this con-
dition, it can be assumed that the translational and rotational degrees of freedom of molecules are in
thermodynamic equilibrium. A local Boltzmann distribution is assumed to hold within each vibrational
mode with its own vibrational temperature Tξ (ξ = 1, . . . , n, where n is the number of vibrational modes
of the molecular components formed by combustion reactions). In order to provide a relatively large
concentration of excited molecules, the condition τI < τVR should be met, where τ
V
R is the relaxation time
of the vibrational energy of excited molecules.
It is known that in order to describe the ignition/combustion of H2/air and CH4(C2H2)/air mixtures,
a rather complicated reaction mechanism must be used even in the absence of vibrationally excited
molecules [14–18]. A number of different chemical kinetic models have been proposed to simulate the
ignition/combustion in methane (or acetylene)/oxygen mixtures under thermal-equilibrium conditions,
where the vibrational degrees of freedom of molecules are in thermodynamic equilibrium with translational
and rotational ones. However, most of them are not involved in the reactions with O3 molecules. To
describe the ignition/combustion in CH4(C2H6)/air mixtures involving such reactions, a kinetic model
was developed by Dautov and Starik [16]. This model has been supplemented by reactions involving
C3H3, C2H3, C2H, CH2(a˜1A1) species which usually originate during the ignition of acetylene/oxygen
mixtures [17,18]. The extended model includes 311 reversible reactions with the following species:
Hn (n = 1, 2), Om (m = 1 . . . 3), HOn, H2On, Nn, NOn, C, COn,
CHp (p = 1 . . . 4), C2Hq (q = 1 . . . 6), CH2(a˜1A1), C3Hm+1, C4Hm+1, CHmO,
CH3O2, CH3O2H, CHn+1OH, C2HO, CH2CO,
and allows one to obtain a good agreement between computed and measured ignition delay times for
H2/O2(air), CH4/O2, and C2H2/O2 stoichiometric mixtures in a wide domain of initial temperatures
and pressures.
For thermally nonequilibrium conditions, where the distribution of vibrational energy in reactive
molecules is specified by vibrational temperatures Tξ, the set of chemical reactions should be supple-
mented by the channels of vibrational-energy intermode (VV′ ) exchange and the pathways of vibrational–
translational (VT) relaxation. Within the framework of the mode-resolved model adopted in the present
work, we considered the VV′ exchange between the symmetric, deformation, and asymmetric (ν1, ν2,
and ν3) modes of H2O molecules, the modes of molecules of H2(ν4), O2(ν5), OH(ν6), N2(ν7), NO(ν8),
and CO(ν21), the symmetric, deformation, and asymmetric modes of molecules of NO2(ν9, ν10, ν11),
HO2(ν12, ν13, ν14), O3(ν15, ν16, ν17), and CO2(ν18, ν19, ν20), and the VT relaxation processes for the modes
ν2, ν4, ν5, ν6, ν7, ν8, ν10, ν14, ν16, ν19, and ν21. It is known that vibrational relaxation in hydrocarbon
molecules proceeds much faster than the relaxation in diatomic and triatomic molecules [19]. According
to these data, the vibrations of hydrocarbon molecules were assumed to be in thermodynamic equilibrium
with translational degrees of freedom.
Table 1 presents the VV′ and VT exchange channels involved in the model. The temperature depen-
dences of rate coefficients for intermode VV′ processes Nos. 5–10, 14–19, 22–24, 31–34, and 38 as well
as the rate coefficients for processes Nos. 1–4, 11–13, 20–21, 25–30, and 35–37 for M=H2O, H2, O2, O3,
H, O, OH, HO2, H2O2, NO, NO2, N2, and N were taken from [20], and for M=CnHmOl and CnHm were











ξ,p is the rate coefficient calculated using the Millikan–White formula [21] at M
∗=N, NO, NO2,
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and OH for M=C, CO, CO2, and CH, respectively, and M∗=H2O for other mixture components. The rate
coefficients for reactions Nos. 40–43 for M=CO2, CO, N2, NO, H2O, H2, OH, O2, O, and H were reported





at M∗=O, N2O, and OH were used to calculate WMξ,p and Q
M
ξ,p for M = N, NO2, and CH, respectively,
and the WM
∗
ξ,p , and Q
M∗
ξ,p with M
∗ = H2O were taken to calculate the corresponding magnitudes for M =
HO2, H2O2, O3, CnHmOl, and CnHm. The rate coefficients for the reactions Nos. 39, 44–49 were taken
from [22].
Within the model of mode vibrational kinetics, the rate constant for the rth chemical reaction is a
function of translational (gas) T and vibrational Tξ temperatures
kr = k0r(T )ϕ(Tξ, T ),
where k0r(T ) is the equilibrium rate constant for the rth chemical reaction and ϕ(Tξ, T ) is the nonequi-
librium factor calculated similar to [20]. The dependences for k0r(T ) were selected based on the recom-
mendations of [16–18, 20].
3. Formulation of the Problem and Governing Equations
Consider a stationary homogeneous H2/air or CH4(C2H2)/air mixtures containing a small amount of
O3 molecules, which are exposed to a laser radiation pulse of duration τp at wavelength λI = 9.713998 µm.
Let us analyze the processes in the central zone of the laser beam (r < Ra) with a Gaussian intensity
distribution along the radius
I(r, t) = I0(t)e−r
2/R2a ,
where Ra is the characteristic beam radius, and I0(t) = I0 for 0 < t ≤ τp and I0(t) = 0 for t > τp.
For processes in the laser-radiation field, an important quantity is the absorption coefficient kν , which








where gm and gn are the degeneracy multiplicity of the lower (m) and upper (n) states of the absorption



























(1− yξ0)−1, yξ = e−θξ/Tξ , yξ0 = yξ(Tξ = T ), θξ = hνξ
K
,
where K is Boltzmann’s constant, NO3 is the concentration of O3 molecules in the mixture, Aq, Bq, and
Cq are the rotational constants of O3 molecule in the state q, and EJ ′ and EJ ′′ are the rotational energies
of O3 molecule in the states m and n, respectively.
Let Ra be much smaller than the absorption length Lν = k−1ν . Thus, we can ignore the variation in
the parameters in the longitudinal direction compared to their variation across the beam and consider
an optically thin gas layer. In this case, the variation in the hydrodynamic quantities and concentrations
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TABLE 1. Channels of VV’ Exchange and VT Relaxation Involved in the Model.
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of the components is determined by the hierarchy of the characteristic times of various macro- and
micro-transfer processes [23,24].
For a vibrationally nonequilibrium reactive gas, the following are the times involved in the processes
under consideration:
τI – time of induced transitions;
τVR – time of energy relaxation of vibrationally excited states;
τp – radiation-pulse duration;
τ chi,r – time of the chemical reaction resulting in the formation of the component determining the
igniting mechanism of the mixture;
τa – time of propagation of acoustic vibrations across the beam;
τD,i – time of multicomponent diffusion of the ith component;
τT,i – time of thermal diffusion of the ith component;
τVD,i – time of vibrational thermal diffusion;
τλ – time of heat conduction;
τV,j – time of vibrational thermal conduction of the jth oscillator;
τc – time of convection due to viscosity;
τF – time of state transition of the medium due to the striction force exerted.
For typical conditions of numerical experiments (T0 = 400–900 K, P0 = 103–105 Pa, I0 = 1–
20 kW/cm2, and Ra = 1 cm) for stoichiometric H2/air and CH4(C2H2)/air mixtures containing 0.5–5%
ozone exposed to radiation at wavelength λI = 9.714 µm, the following estimates were obtained:
τI = 7 · 10−7–6 · 10−5 s, τV T = 3 · 10−3–6 · 10−4 s, and τa = 2 · 10−5 s.
For the lightest H atoms, which are chain carriers in H2/O2/N2 mixtures,
τD,H ≈ τT,H ≈ (0.2− 5) · 10−4 s, τVD,O3 = (1− 5) · 10−3 s, τλ ≈ τV,O3 = (0.3− 7.5) · 10−4 s,
538
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τc ∼ τF = 10−2 − 10−1 s.
For the specified conditions, the absorption length of the laser radiation varies in the range
0.3–1.5 · 103 m, i.e., always Lv  Ra.







The time τ chi,r determines the induction period τind. In the interval [0, τind], macro-transfer processes
can be ignored. In this case, the variation in the parameters and composition of the mixture in the
central zone of the exposure region is described by the following equations:
dγi
dt
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1− yξ , εξ0 = εξ(yξ = yξ0),
where we use the following notation:
ρ and P are the gas density and pressure;
R is the universal gas constant;
h0,i is the enthalpy of formation of the ith component of the mixture at T = 298 K;
µi is its molar weight;
S is the number of molecular components;
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L is the number of components consisting of linear molecules;
gξ is the degeneracy multiplicity of the ξth mode;




W iξ,pγi in the case of intramolecular VV’ exchange;
W ′ξ,p =Wξ,pγi (ξ ↔ i and p↔ j) in the case of intermolecular V V ′ exchange;
W iξ,p and W
i
ξ,0 are the rate constants of intramolecular VV’ exchange and VT relaxation for collisions
with the ith partner;
Wξ,p is the rate constant of intermolecular VV’ exchange;
Ni is the density of molecules of the ith sort;
M1 is the number of atomic and molecular components in the mixture;
lξ is the number of vibrational quanta lost or gained by the mode ξ during VV’ exchange (L1 is the
number of channels for VV’ exchange);
α+iq and α
−
iq are the stoichiometric coefficients of the qth reaction resulting in the formation of the ith
component;
k+q and k−q are the rate constants of the qth reaction in the forward (+) and backward (–) directions;
L2,ξ is the number of reactions resulting in the formation (elimination) of the molecule containing the
mode ξ;
M2,i is the number of reactions resulting in the formation of the ith component;
βrξ are the coefficients of expansion of the rth reaction in the coordinates of normal vibrations;
Er is the energy released into the vibrational degrees of freedom during the rth reaction.
The values of βrξ, following [20], are set equal to unity.
The values of Er were estimated by the formulas in [20,25].




c γM of the
spectral line 000(121,11)→001(111,10) in the O3 molecule for M=N2 were taken from [12] and for other
components were estimated under the assumption that the gas-kinetic and optical cross-sections are
equal.
4. Ignition of Combustible Mixtures Exposed to Radiation
It is known that ignition of the majority of gas mixtures occurs due to chain reactions involving highly
reactive atoms and radicals. The atoms and radicals disappear from the reaction zone due to diffusion.
Therefore, ignition of a gas mixture in an adiabatic reactor (or in a laser beam) of radius Ra is possible if
the condition τ chi ≤ τR,i is satisfied [26]. For H2/air/O3 mixtures, τ chi is the time of formation of reactive
H and O atoms and OH radicals that are the chain carriers, and τR,i is the time of removal of these
components from the reaction zone. In the problem considered, τR,i is the time of diffusion of the lightest
reactive radicals – H atoms, i.e., τR,i = τD,H.
The mechanism of chain process development for CH4/air/O3 and C2H2/air/O3 mixtures are more
complicated and the chain carrier components are the following: CH3, CH2, C2H, C2HO, OH, H, and
O. For these mixtures, τR,i = τD,O. This implies that for τ chi > τD,H (or τD,O) the induction time τind is
bounded from above by the time τD,H (or τD,O) and that the ignition temperature Tign can be determined,
as a first approximation, from the relation
τind(Tign, P0) = τD,i(Tign, P0),
540
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Fig. 1. Predicted dependences of τD,H(T0) (dotted curve) and τind(T0) (solid curves) for a stoichiometric H2/air
mixture with γO3 = 0.5% (a) and 1% (b) (P0 = 10
4 Pa) upon irradiation at λI ≈ 9.7 µm, τp = 10−5 s for different
values of E0: 0 (1), 0.2 J/cm2 (2), 1 J/cm2 (3), and 5 J/cm2 (4). Dashed curve corresponds to a pure H2/air
mixture at E0=0.
i = H for H2/air/O3 mixture and i =O for CH4(C2H2)/air/O3 mixtures. Under laser-irradiation condi-
tions, the quantity τind depends not only on the composition and initial parameters of the mixture T0
and P0 but also on the degree of excitation of O3 molecules. The latter is determined by the radiation
intensity I0 and the pulse duration τp, or by the laser-radiation-energy flux supplied to the gas E0 = I0τp.
The other important parameter, which specifies the energy efficiency of the approach based on the laser-




4.1. Initiation of Combustion of H2/air/O3 Mixture
Figure 1 plots the curves of the induction τind and diffusion τD,H (Ra = 1 cm) times versus the
initial temperature for a stoichiometric H2/air mixture containing 0.5 and 1% of O3 under exposure to
laser radiation with different E0 values. First of all, it is obvious that the admixture even of a small
amount of ozone (γO3 = 0.5%) to the H2/air mixture results in a noticeable decrease in the induction
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time and ignition temperature. Thus, under the conditions considered, Tign = 825 K for a stoichiometric
H2/air mixture, whereas an admixture of 0.5% O3 decreases the ignition temperature by 185 K, and for
a mixture with γO3 = 1%, Tign = 560 K. Exposure to radiation even at a small value of the radiation-
energy flux E0 = 0.2 J/cm2 lowers the value of Tign to 570 K at γO3 = 0.5% and to 470 K for a mixture
with γO3 = 1%. An increase in E0 results in an additional decrease in the induction time and ignition
temperature. Thus, at E0 = 1 J/cm2 for a mixture with γO3 = 1%, the value of Tign can be reduced to
400 K. The reduction in induction time may amount to orders of magnitude. For instance, at T0 = 550 K,
exposure of the mixture with γO3 = 0.5% to radiation with E0 = 0.5 J/cm
2 (the energy absorbed by the
gas Ea does not exceed 2 · 10−4 J/cm3 in this case) decreases the value of τind by a factor of 70.
The decrease in induction time with addition of ozone to the mixture arises, on the one hand, from
the formation of reactive O atoms by dissociation of O3 molecules, which accelerates the chain reactions,
and, on the other hand, from the increase in the gas temperature due to ozone combustion (most of the
energy is released, in this case, in the reaction O + O3 = 2O2), which also activates the ignition process.
The excitation of asymmetric vibrations of O3 molecules by laser radiation accelerates these processes
significantly.
The nonequilibrium excitation of O3 molecule vibrations is much more effective than the simple
heating of the mixture by the same amount of supplied energy. In this case, both the nature of the
dependences γi(t) and the temperature-variation dynamics change (Fig. 2). The excitation of the asym-
metric mode of O3 molecules (for t = τp = 10−5 s, the vibrational temperature T17 reaches 2170 K) leads
to a considerable increase in the decomposition rate of ozone, a sharp increase in the concentration of O
atoms, and growth of the translational temperature for t ≥ 6·10−4 s (Fig. 2c). Since the O3/O2 system
is ignited by the mechanism of thermal explosion [25] and the H2/O2(air) system by the chain reaction
mechanism, the excitation of vibrations of O3 molecules in the H2/air/O3 system leads to activation of
both mechanisms.
Recall that in H2/O2(air) mixtures at low temperatures, the main chain-initiation reaction is the
reaction H2 + O2 = 2OH. Next, OH radicals react with H2 in the chain-propagation reaction H2 + OH
= H2O + H. The resulting H atoms participate in the chain-branching process H + O2 = OH + O. The
O atoms interact with H2 molecules by the reaction O + H2 = OH + H to produce H atoms again and
are thus the major carriers of the chain-ignition mechanism.
In the H2/O2(air)/O3 mixture, a novel channel of the O-atom formation appears. It is the reaction of
ozone dissociation O3 + M = O + O2 + M. This reaction is rather slow at low temperatures T0 = 500–
600 K (see Fig. 2a). That is why there is no ignition in the stoichiometric H2/air/O3 mixture with
γO3 = 0.5% at T0= 600 K and P0 = 10
4 Pa (in this case, τind > τD,H). The heating of the gas by
laser radiation (for absorbed energy Ea = 9.4 · 10−4 J/cm3 and T0= 600 K, the temperature increases
up to 657 K) results in acceleration of ozone dissociation and growth of the O-atom concentration. This
enhances the chain process and decreases the induction time (Fig. 2b). In this case, τind < τD,H and
ignition occurs under the conditions considered. In the case of excitation of O3 molecular vibrations,
the reaction O3(001) + M = O + O2 + M b˙ecomes the main chain-initiation reaction. The resulting
oxygen atoms, on the one hand, directly participate in chain process and, on the other hand, initiate the
exothermic reaction O + O3 = 2O2, which leads to an increase in the gas temperature, and hence, to an
additional increase in the chain-reaction rate. The reaction O3(001) + H2 = OH + HO2 a˙lso makes a
certain contribution to the activation of the chain mechanism. In this case, the significant enhancement
of chain process appears. This results in the much greater decrease in the value of τind as compared to
the case of heating the mixture by laser radiation.
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Fig. 2. Temporal evolution of species molar fractions (solid curves) and gas temperature (dashed curves) during
ignition of a stoichiometric H2/air/O3 mixture for γO3 = 0.5%, P0 = 10
4 Pa and T0 = 600 K in the absence of
the radiation (a); the entire radiation energy absorbed by ozone (Ea = 9.4 · 10−4 J/cm3) is consumed in heating
the mixture (b); the nonequilibrium excitation of asymmetric vibrations of O3 molecules by radiation (c) with
λI ≈ 9.7 µm, Ea = 9.4 · 10−4 J/cm3, and τp = 10−5 s.
The benefit of the reduction in induction time for the case of laser-induced excitation of the asymmetric
mode of O3 molecules as compared to the case of heating the mixture by laser radiation increases with
decreasing initial temperature. Figure 3 shows the predicted variation in the gas temperature during
the ignition of stoichiometric H2/air/O3 mixture with γO3 = 0.5% at T0 = 500 K and P0=10
4 Pa
upon exposure to laser radiation at various values of the energy absorbed by a single O3 molecule
(Es = Ea/NO3) for both cases considered. One can see that in both cases an increase in the radiation
energy delivered to the ozone reduces the induction and combustion times. From the plots shown in Fig. 3
it follows that the difference in the values of induction time for the case of nonequilibrium excitation of the
asymmetric mode of O3 molecule vibrations and for the case of heating of the mixture by laser radiation
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Fig. 3. Gas temperature versus time for ignition of a stoichiometric H2/air/O3 mixture with 0.5% O3 (T0 = 500 K,
P0 = 104 Pa) for the two cases — the entire radiation energy absorbed by ozone is consumed in heating the mixture
(dotted curves) and the nonequilibrium excitation of O3 molecular vibrations by radiation at λI ≈ 9.7 µm (solid
curves) for Es = 0.25; 0.5; 1 eV/molecule O3 (curves 1, 2, and 3, respectively), τp = 10−5 s. Dashed curve
corresponds to the absence of radiation.
reaches a factor of 103 at T0 = 500 K and Es = 1 eV/(molecule O3) (Ea = 1.1 · 10−3 J/cm3). However,
at Es = 0.25 eV/(molecule O3) this difference does not exceed 3 times.
It should be noted that a decrease in the induction time may be achieved by increasing the initial
temperature, i.e., by heating the gas. For example, in order to reduce the value of τind to 1.7 · 10−3 s in a
stoichiometric H2/air/O3 mixture with γO3 = 0.5% at T0 = 500 K, it is needed to excite the asymmetric
mode of O3 molecules with radiation energy Ea = 1.2 · 10−3 J/cm3. Another way to obtain the same
value of τind is to heat the mixture up to Th = 715 K.
Let us compare the following two quantities — the chemical energy ∆HIch, which is released as a heat
during low-temperature combustion (T0 = 500 K) of a H2/air/O3 mixture with γO3 = 0.5% and P0 =
104 Pa initiated by 9.7 µm radiation at Em = Ea/ρ = 23.9 J/g, and the corresponding value ∆HTch, which
is released in conventional high-temperature combustion that ensures the same value of induction time as
laser-induced excitation of vibrations of the O3 molecule. Calculations show that ∆HIch = 2.48 · 103 J/g
and ∆HTch = 2.34 · 103 J/g. Thus, with the inclusion of radiation energy that is absorbed by the gas and
the thermal energy ET = 214 J/g that is required to increase the gas temperature up to Th = 715 K, the
chemical energy of the system is used with a higher efficiency in the case of low-temperature combustion
initiated by laser-induced excitation of ozone molecules (∆HIch−Em > ∆HTch−ET ). Under the conditions
considered, the energy gain is ∼15%.
4.2. Initiation of Combustion of CH4/Air/O3 and C2H2/Air/O3 Mixtures
It is known that methane exhibits the greatest ignition delay time as compared to other hydrocar-
bons, especially acetylene. Admixture of ozone molecules to C2H2/air and CH4/air mixtures leads to a
544
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Fig. 4. Gas temperature versus time for ignition of stoichiometric C2H2/air/O3 (a) and CH4/air/O3 (b) mixtures
with γO3 = 0; 2.5; 5% (curves 1, 2, and 3, respectively) at T0 = 600 K and P0 = 10
4 Pa upon irradiation at
λI ≈ 9.7 µm, τp = 10−5 s for E0=0 and 1 J/cm2 (dotted and solid curves, respectively). Curve 1 in the below
panel is not shown since τind > 1 s.
significant decrease in the ignition delay time (induction time) as well as for H2/air mixture. However,
the amount of ozone admixed to the CH4(C2H2)/air mixtures should be greater than that required for
the H2/air mixture. The main reason for the decrease in the induction time for CH4(C2H2)/air mixtures
with admixture of O3 molecules is similar to that for H2/air mixture and is caused by O-atom formation
during ozone decomposition. Oxygen atoms react with primary hydrocarbon molecules CH4 or C2H2:
CH4 + O = CH3 + OH or C2H2 + O = CH2 + CO, C2H2 + O = C2HO + H.
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As a result, in the CH4(C2H2)/air/O3 mixture, highly reactive radicals CH3(CH2) and OH(H) form
and initiate the chain processes. The increase in temperature due to the energy release in the reaction
O + O3 = 2O2 additionally accelerates the processes of formation of reactive radicals.
The excitation of asymmetric vibrations of O3 molecules enhances these processes significantly. This
is clearly seen from the plots of temporal evolution of gas temperature for CH4/air/O3 and C2H2/air/O3
mixtures shown in Fig. 4. One can conclude that exposure of the C2H2/air/O3 mixture to radiation with
λI ≈ 9.7 µm results in a larger decrease in induction time than that for the CH4/air/O3 mixture. This
behavior is caused by the larger difference in the values of the characteristic time of asymmetric-mode
vibrational-energy relaxation in O3 molecule τO3 and the time of the chemical reactions, which result in
the formation of reactive radicals – carriers of chain process τ chi,r for CH4/air/O3 mixture, as compared
to values that are characteristic for C2H2/air/O3 mixture.
For the CH4/air/O3 mixture, the condition τO3 < τ
ch
i,r is met, i.e., in methane/oxygen(air) mixtures,
the O atoms produced due to ozone decomposition recombine rapidly and have no chance to react with
CH4. The level of excitation of O3 molecule vibrations, in this case, is not sufficient to intensify the
dissociation of ozone molecules considerably and to produce the proper amount of O atoms.
For the C2H2/air/O3 mixture, the condition τO3 ≈ τ chi,r is satisfied and a large amount of O atoms
forms due to ozone decomposition. These atoms rather rapidly react with C2H2 molecules, resulting in
the appearance of highly reactive radicals CH2. Moreover, the vibrationally excited ozone molecules can
react directly with C2H2 according to the reaction C2H2 + O3(001) = CH2O + CO2, giving rise to the
highly reactive CH2O radicals, which are carriers of chain mechanism for ignition in both C2H2/air and
CH4/air mixtures.
Thus, in the case where the condition τO3  τ chi,r ∼ τind is met, the effect of nonequilibrium excitation
of asymmetric vibrations of O3 molecules on the induction time for CnHm/air/O3 mixture should be com-
parable with the influence of simple heating of the gas by laser radiation. This tendency is illustrated in
Fig. 5 where the temporal variation in the species concentrations and gas temperature in a stoichiometric
CH4/air/O3 mixture with γO3 = 5%, T0 = 600K, and P0 = 10
4Pa under exposure to the laser radiation
are shown for the two cases — (1) the nonequilibrium excitation of O3 molecular vibrations and (2) the
heating of the gas for the same absorbed energy Ea = 9.3 · 10−3 J/cm3. One can see that the difference
in the value of τind for the cases (1) and (2) does not exceed a factor of 3 and is significantly smaller than
that one for H2/air/O3 mixtures. Nevertheless, the laser-induced excitation of the asymmetric mode of
O3 molecules makes it possible to intensify the ignition in the CH4/air/O3 mixture and to decrease the
induction time as compared to the case of heating the gas by laser radiation.
For the C2H2/air/O3 mixture, the characteristic time of the highly reactive radical formation is of the
same order of magnitude as the time of vibrational energy relaxation for the ν17 mode of ozone molecule,
i.e., the τO3 ≈ τ chi,r ∼ τind. That is why the influence of the laser-induced excitation of ozone molecules
on the rate of chain processes and on the reduction in τind value is much higher than that for the case
where the entire radiation energy absorbed by ozone is consumed in heating the C2H2/air/O3 mixture.
Figure 6 shows the variation in the concentrations of the mixture components and in the gas temperature
during low-temperature (T0 = 400 K) ignition of a stoichiometric C2H2/air/O3 mixture with γO3= 5%
and P0 = 104 Pa for both cases considered — the laser-induced excitation of ozone molecules and the
heating of the mixture by laser radiation for the same value of absorbed energy Ea = 5.5 · 10−3 J/cm3.
It is worth noting that in the absence of irradiation at such a low value of T0, there is no ignition in the
C2H2/air/O3 mixture.
One can see that for the C2H2/air/O3 mixture in both cases (Fig. 6) the decrease in the concentrations
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Fig. 5. Temporal evolution of species molar fractions (solid curves) and gas temperature (dashed curves) during
ignition of a stoichiometric CH4/air/O3 mixture with γO3 = 5%, P0 = 10
4 Pa, and T0 = 600 K in the two
cases — (1) the nonequilibrium excitation of asymmetric vibrations of O3 molecules by radiation at λI ≈ 9.7 µm,
Ea = 9.3 · 10−3 J/cm3, and τp = 10−5 s (a) and (2) the entire radiation energy absorbed by ozone is consumed in
heating the mixture Ea = 9.3 · 10−3 J/cm3 (b).
547
Journal of Russian Laser Research Volume 27, Number 6, 2006
Fig. 6. Temporal evolution of species molar fractions (solid curves) and gas temperature (dashed curves) during
ignition of a stoichiometric C2H2/air/O3 mixture for γO3 = 5%, P0 = 10
4 Pa, and T0 = 400 K in the two cases
— (1) the nonequilibrium excitation of asymmetric vibrations of O3 molecules by radiation at λI ≈ 9.7 µm,
Ea = 5.5 · 10−3 J/cm3, and τp = 10−5 s (a) and (2) the entire radiation energy absorbed by ozone is consumed in
heating the mixture Ea = 5.5 · 10−3 J/cm3 (b).
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of active radicals CH2, OH, CH2O, and atoms O, H at the time moments t > τp is considerably smaller
than that for the CH4/air/O3 mixture (Fig. 5). In the case of nonequilibrium excitation of asymmetric
vibrations of ozone molecules (Ea = 5.5 · 10−3 J/cm3), for the C2H2/air/O3 mixture with γO3 = 5%,
T0 = 400 K, and P0 = 104 Pa, the induction time is as small as 2 · 10−4 s. In the case of heating the gas
by laser radiation (Ea = 5.5 · 10−3 J/cm3), the variations in the species concentrations and in the gas
temperature are much slower. This is caused by the smaller concentrations of highly reactive radicals
and atoms up to the moment t = τp; the value of τind in this case is as large as 2 · 10−2 s. This value of
τind is a factor of 100 larger than that for the case of nonequilibrium excitation of asymmetric vibrations
of O3 molecules. It is worth noting that, in contrast to the CH4/air/O3 mixture, growth of the O2
concentration at t > τp = 10−5 s does not appear. This proves that O atoms formed due to dissociation
of vibrationally excited O3 molecules in the case of exposure of the mixture to laser radiation rapidly
react with C2H2 and CH2 and do not recombine to form O2 molecules.
Let us consider now how the excitation of the asymmetric mode of O3 molecules by laser photons
(λI≈9.7 µm) affects the ignition temperature Tign for C2H2/air/O3 mixture. Figure 7 depicts the depen-
dences of induction time τind and diffusion time τD,O (Ra = 1 cm) as a function of initial temperature
for a stoichiometric C2H2/air mixture containing 5% O3 (molar fraction) at P0 = 104 Pa upon exposure
to laser photons with various values of the radiation-energy flux for the two approaches of the radiation
energy supply: (1) the laser-induced excitation of O3 molecular vibrations and (2) the heating of the
mixture by laser radiation. From the plots shown in Fig. 7 it follows that the nonequilibrium excitation
of the asymmetric mode of O3 molecules is much more effective in decreasing the ignition temperature
than the simple heating of the gas by laser radiation. For a stoichiometric C2H2/air/O3 mixture with
γO3 = 5% and P0 = 10
4 Pa, the heating of the mixture by laser radiation with E0 = 0.2 J/cm2 decreases
the value of Tign by 60 K only. In contrast, the laser-induced excitation of O3-molecule vibrations for the
same value of E0 makes it possible to lower the ignition temperature to 300 K. It is worth noting that the
difference in the values of τind for the two considered approaches of radiation-energy supply to the mixture
increases with decreasing initial temperature. For E0 = 0.5 J/cm2 and T0 = 800 K, this difference is as
small as a factor of 2.5, while at T0 = 400 K the induction time in the case of nonequilibrium excitation
of the asymmetric mode of O3-molecule vibrations is a factor of 100 smaller than that for the case where
the entire radiation energy absorbed by ozone is consumed in heating the mixture. This tendency is
explained by the fact that at high temperatures the contribution of the vibrational energy of the O3
molecule in overcoming the barrier of endoergic reactions is not as large compared to the translational
energy of the molecules as at low temperatures.
Let us compare now the efficiency of chemical energy release for the C2H2/air/O3 mixture with
γO3 = 5% for low-temperature combustion initiated by laser-induced excitation of O3 molecule vibrations
and for ordinary high-temperature combustion initiated by heating the mixture. In order to reduce the
induction time for a stoichiometric C2H2/air/O3 mixture with γO3 = 5% and P0 = 10
4 Pa at T0 = 400 K
to 8.4 · 10−5 s it is needed to excite the asymmetric vibrations of O3 molecules by laser radiation at
λI ≈ 9.7 µm with energy Em = 88.5 J/g. In this case, the estimated chemical energy ∆HIch released as
heat during low-temperature combustion (T0 = 400 K) reaches 2.25 · 103 J/g. It is possible to ignite the
mixture with the same value of τind by heating the gas up to the temperature Th = 860 K (the required
thermal energy ET is 366 J/g). In this case, the chemical energy release is smaller, ∆HTch = 2.04 ·103 J/g.
Thus, ∆HIch−Em > ∆HTch−ET . Under the conditions considered, the energy gain is as large as 30%. This
value is a factor of 2 larger than that for the H2/air/O3 mixture. Obviously, for the CH4/air/O3 mixture,
the gain in chemical energy released in heating during low-temperature combustion is significantly smaller.
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Fig. 7. Predicted dependences of τD,O(T0) (dash-dotted curve) and τind(T0) upon exposure of the CH4/air/O3
mixture with γO3 = 5% and P0 = 10
4 Pa to radiation at λI ≈ 9.7 µm for E0 =0.2; 0.5; 1 J/cm2 (curves 1, 2, 3,
respectively) and τp = 10−5 s in the two cases — (1) the entire energy absorbed by ozone is consumed in heating
the mixture (dotted curves) and (2) the nonequilibrium excitation of asymmetric vibrations of O3 molecule by laser
photons (solid curves). Dashed curve corresponds to the dependence of τind(T0) for E0=0.
5. Concluding Remarks
The excitation of asymmetric vibrations of O3 molecules which are admixed in a small amount to
H2/air or to CnHm/air (CnHm = CH4, C2H2) mixtures by means of CO2-laser radiation at ∼9.7 µm
wavelength leads to an enhancement of ignition/combustion development. Such a method of radiation
energy supply to the reactive systems makes it possible to reduce considerably the induction time for both
H2/air and CH4(C2H2)/air mixtures and to decrease the ignition temperature at low radiation energy
deposited to the gas (Ea = 10−3−5·10−3 J/cm3). These effects are caused primarily by the intensification
of chain reactions due to the formation of a significant amount of O atoms in the mixture exposed to the
resonance laser radiation upon accelerated dissociation of vibrationally activated O3 molecules and due to
the heating of the mixture upon the faster decomposition of excited ozone molecules. The efficiency of the
approach based on the excitation of vibrations of reactive molecules to enhance the ignition/combustion
is many times higher than that based on the local heating of the medium by laser radiation, especially
for mixtures in which the time of reactive radical and atom formation does not exceed significantly the
relaxation time of vibrations of excited molecules. The decrease in ignition temperature due to the
exposure of the combustible mixtures by CO2-laser radiation at ∼9.71 µm wavelength allows one to
increase significantly (by 30%) the chemical energy released in heating during combustion, as compared
to the conventional approach of the thermal ignition. These effects are not associated with the heating of
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the gas due to absorption of laser radiation but are caused by the generation of highly reactive O atoms
due to dissociation of vibrationally excited O3 molecules.
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